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Acoustic scattering techniques provide a unique and powerful tool to remotely investigate the
physical properties of the ocean interior over large spatial and temporal scales. With high-frequency
acoustic scattering it is possible to probe physical processes that occur at the microstructure scale,
spanning submillimeter to centimeter scale processes. An acoustic scattering model for turbulent
oceanic microstructure is presented in which the current theory, which only accounts for fluctuations
in the sound speed, has been extended to include fluctuations in the density as well. The inclusion
of density fluctuations results in an expression for the scattering cross section per unit volume, sv ,
that is explicitly dependent on the scattering angle. By relating the variability in the density and
sound speed to random fluctuations in oceanic temperature and salinity, sv has been expressed in
terms of the temperature and salinity wave number spectra, and the temperature-salinity
co-spectrum. A Batchelor spectrum for temperature and salinity, which depends on parameters such
as the dissipation rates of turbulent kinetic energy and temperature variance, has been used to
evaluate sv . Two models for the temperature-salinity co-spectrum have also been used. The
predictions indicate that fluctuations in the density could be as important in determining
backscattering as fluctuations in the sound speed. Using data obtained in the ocean with a high
resolution vertical microstructure profiler, it is predicted that scattering from oceanic microstructure
can be as strong as scattering from zooplankton. © 2003 Acoustical Society of America.
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High-frequency acoustic scattering techniques are com-
monly used to obtain highly informative, though often quali-
tative, images of the biological and physical processes that
occur in the ocean interior. For example, these techniques
have been applied, with varying success, to the assessment of
the distribution of zooplankton and fish ~Holliday and Pieper,
1995; Medwin and Clay, 1998!. It is also common to observe
high-frequency acoustic scattering images of internal waves
~Proni and Apel, 1975; Haury et al., 1979; Farmer and
Smith, 1979; Sandstrom et al., 1989; Trevorrow, 1998;
Farmer and Armi, 1999; Orr et al., 2000!. However, the ex-
act interpretation of the scattering images in terms of a
physical or biological process remains poorly understood. It
is possible that the scattering arises from turbulent micro-
structure created by breaking internal waves, biological or-
ganisms or other particulates acting as passive tracers of the
different physical processes, or, as is most likely, a combina-
tion of these processes.
In this paper we focus on the scattering of sound from
turbulent oceanic microstructure. There is a significant body
of evidence suggesting that high-frequency acoustic scatter-
ing from oceanic microstructure can be as strong as that due
to zooplankton ~Munk and Garrett, 1973; Proni and Apel,
1975; Goodman and Kemp, 1981; Thorpe and Brubaker,
1983; Goodman, 1990; Seim et al., 1995; Seim, 1999!. This
observation has led to an interest in the possibility of using
a!Electronic mail: alavery@whoi.eduJ. Acoust. Soc. Am. 114 (5), November 2003 0001-4966/2003/114(5)/2acoustic scattering techniques to remotely infer physical
properties of the scattering medium. Such measurements
could be valuable, for example, for the remote determination
of fundamental ocean mixing parameters. The smallest
length scales before mixing is complete, referred to as the
microstructure scale, are set by molecular diffusion. Large
gradients in the media properties can occur at these submil-
limeter to centimeter scales with the potential of creating
measurable acoustic scattering returns. The acoustic wave
lengths of interest are commensurate with the scale set by the
physical process, corresponding to high-frequency sound
spanning tens of kHz to a few MHz.
There are many alternative techniques for acquiring in-
formation regarding the physical and biological processes
that occur in the ocean interior. However, most of these tech-
niques are limited by either the volume sampled or the spa-
tial and temporal resolution of the measurements. For ex-
ample, free-falling vertical microstructure probes have
extremely high spatial resolution, and yet are inherently one-
dimensional in nature. The primary advantage of using
acoustic techniques is the possibility of synoptically imaging
large volumes of the ocean interior without compromising on
the high spatial resolution of the measurements. The primary
challenge involves the interpretation of the received signal in
terms of relevant physical and biological parameters.
Accurate scattering models are key to the interpretation
of the received acoustic signals. With such models, though
typically also in conjunction with supporting physical and
biological information, it may be possible to distinguish be-
tween the complex scattering signatures characteristic of dif-2685685/13/$19.00 © 2003 Acoustical Society of America
ferent physical and biological processes ~Stanton et al.,
1994; Trevorrow, 1998!. Under sufficiently well-
characterized environments it may even be possible to infer
properties of the processes that give rise to scattering ~Lher-
mitte and Lemmin, 1993; Goodman et al., 1992; Stanton
et al., 1994; Menemenlis and Farmer, 1995; Oeschger and
Goodman, 1995!. Of most interest to the current investiga-
tion, if the contribution from turbulent oceanic microstruc-
ture can be isolated, it may be possible to use scattering
models to determine parameters such as the dissipation rates
of turbulent kinetic energy or temperature variance.
Over the years a number of investigations have pre-
dicted that volume scattering resulting from fluctuations in
oceanic temperature ~arising from sound speed fluctuations
alone! can be significant ~Kraichnan, 1953; Munk and Gar-
rett, 1973; Proni and Apel, 1975; Goodman and Kemp, 1981;
Goodman, 1990!. These predictions are supported by highly
suggestive, though infrequently conclusive, evidence
~Thorpe and Brubaker, 1983!. More recently, it has been pre-
dicted that the effects of salinity fluctuations ~again arising
from sound speed fluctuations alone! can also be important
~Seim et al., 1995; Seim, 1999!, particularly at higher fre-
quencies and at locations where salinity plays a significant
role in determining the vertical density stratification. To date
though, acoustic scattering models specifically developed for
turbulent oceanic microstructure have only included the ef-
fects of sound speed fluctuations, ignoring the effects of den-
sity fluctuations. Yet temperature and salinity microstructure
gives rise to small scale fluctuations in both the sound speed
and the density.
In this paper we show that under some circumstances it
is critical to include the effects of density fluctuations to
accurately predict acoustic scattering by turbulent oceanic
microstructure. It has been common practice to consider
fluctuations in the medium density in both the fields of medi-
cal ultrasound and atmospheric turbulence. The theory be-
hind these seemingly disparate fields is broadly similar,
though there are differences in the details of the application
of the theory to the different fields ~Chernov, 1960; Tatarski,
1961; Morse and Ingard, 1968; Ishimaru, 1978; Goodman
and Kemp, 1981; Waag, 1984!. The theory is based on far-
field weak scattering for which the Born approximation can
be used to evaluate the scattering cross section per unit vol-
ume, sv . However, unlike for medical ultrasound and atmo-
spheric turbulence, the contribution to scattering from oce-
anic microstructure due to fluctuations in the density has
typically been neglected. We have included the density con-
tribution to sv for oceanic microstructure and have found
that it can be comparable to the contribution from sound
speed fluctuations, leading to increases in sv as large as a
factor of 4 ~corresponding to a 6-dB increase in the volume
scattering strength!, under certain conditions. In addition, the
inclusion of density fluctuations leads to an expression for
sv which contains an explicit dependence on the scattering
angle.
This paper is organized as follows. In Sec. II, we derive
an expression for sv that includes contributions from both
density and sound speed fluctuations. Then, in Sec. III, by
assuming a universal Batchelor spectrum for temperature and2686 J. Acoust. Soc. Am., Vol. 114, No. 5, November 2003 Lasalinity, two expressions for sv are derived. One expression
uses an upper bound for the temperature-salinity co-spectrum
~Bendat and Piersol, 1986!, and represents the case of a per-
fect correlation between temperature and salinity fluctua-
tions. In addition, we have developed an expression for the
co-spectrum that is based on Stern’s theory ~1968!. In Sec.
IV, general predictions for scattering from turbulent oceanic
microstructure are made and the range of model input param-
eters for which the density contribution is important are iso-
lated. We also make acoustic scattering predictions based on
microstructure data obtained using a high resolution vertical
microstructure profiler ~Schmitt et al., 1988!. From these
data, all the model parameters necessary for making scatter-
ing predictions at relevant scales can be determined. Finally,
in Sec. V, the results are summarized and recommendations
are made as to the conditions under which it is important to
include the density term in predictions of acoustic scattering
from oceanic microstructure.
II. SCATTERING FROM TURBULENT OCEANIC
MICROSTRUCTURE
A general expression for the scattering cross section per
unit volume, sv , due to random fluctuations in the com-
pressibility and density of a weakly scattering medium is
derived in Sec. II A. The resulting expression for sv is not
specific to oceanic microstructure, and alternative derivations
can be found in a number of standard text books ~Chernov,
1960; Tatarski, 1961; Morse and Ingard, 1968; Ishimaru,
1978!. In order to facilitate the application of this formula-
tion to oceanic microstructure, the expression for sv in terms
of the medium compressibility and density is then expressed
in terms of the medium density and sound speed, though the
expression that is derived is still not specific to oceanic mi-
crostructure, but holds for any weakly scattering random me-
dium. Assumptions specific to oceanic microstructure are
made in Sec. II B, where the temperature and salinity depen-
dence of density and sound speed are explicitly included in
the expression for sv .
A. Weak scattering by random media
A sound wave traveling through a region ~of volume V!
containing turbulent microstructure will be scattered from
the changes in the medium density and compressibility. Sup-
pose the density, r(r,t), and compressibility, k(r,t), in the
region fluctuate randomly in space and time, deviating from
the average values of the medium density, r0 , and compress-
ibility, k0 . From this point on, we assume that the density
and compressibility do not change significantly during the
time of the measurement, and therefore that r~r! and k~r! are
time independent. Any temporal changes that might occur
are simply considered as different realizations of the real
random fields r~r! and k~r!. For a weakly scattering medium
in which the fluctuations in the compressibility and density
are small, such as that produced by turbulent microstructure,
the Born approximation can be used. In this case, there are
well known solutions to the wave equation, and the far field
scattered pressure wave is given by ~Morse and Ingard, 1968,
p. 411, Eq. 8.1.14!very et al.: Scattering from oceanic microstructure density fluctuations
ps~r !5P0
eikr
r
f , ~1!
where k is the incident acoustic wave number (52p/l ,
where l is the acoustic wave length!, r is the range from the
scattering volume to the receiver, and P0 is the incident
acoustic pressure at some known reference range. The scat-
tering amplitude, f , is a measure of the efficiency with which
sound is scattered and is given by ~Morse and Ingard, 1968,
p. 413, Eq. 8.1.20!:
f 5 k
2
4p EVg~rv!e2iK"rvdrv , ~2!
where
g~rv!5gk~rv!1gr~rv!kˆ ikˆ s5gk~rv!1gr~rv!cos u ,
~3!
rv is the position vector of any volume element relative to
some arbitrary center point chosen within the volume V, kˆ i is
a unit vector along the direction of the incident wave, kˆ s is a
unit vector along the direction of the scattered wave, and K
5k(kˆ s2kˆ i) ~Fig. 1!. The angle between the incident and
scattered wave vectors is given by u (kˆ ikˆ s5cos u), and K
5uKu52k sin(u/2). The wave vector K is often referred to
in the literature as the Bragg wave vector ~Goodman, 1990!.
K is maximum at backscattering where u5p . The terms gk
and gr describe the variations in the medium compressibility
and density and are given by ~Morse and Ingard, 1968, p.
409, Eq. 8.1.11!
gk5
k2k0
k0
5
c0
2
c2
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r
21 and gr5
r2r0
r
512
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r
,
~4!
where c251/kr and c0 is the mean sound speed. The con-
tribution to scattering from fluid velocity has been ignored in
the derivation of Eq. ~2!. This contribution has been investi-
gated by others and, for oceanic microstructure, can be
FIG. 1. Scattering geometry for an incident plane wave scattering from a
bounded region of volume V containing random, stationary, homogeneous
and isotropic fluctuations in the density and sound speed. rv is the position
vector of an infinitesimal volume element, kˆ i is a unit vector along the
direction of the incident wave, kˆ s is a unit vector along the direction of the
scattered wave, and K5k(kˆ s2kˆ i). The angle between the incident and scat-
tered wave vectors is given by u (kˆ ikˆ s5cos u), and K5uKu
52k sin(u/2). K is maximum at backscattering where u5p .J. Acoust. Soc. Am., Vol. 114, No. 5, November 2003 Lavery etshown to be smaller than the other contributions by various
orders of magnitude ~Goodman, 1990!. In fact, for back-
scattering, fluid velocity fluctuations do not contribute to
scattering at all. It has also been assumed that the scattering
volume is bounded and in the far field of both the transmitter
and the receiver and that the transmitter and receiver are in
the far field of the scattering volume.
The solution to the wave equation for bounded weakly
scattering targets given by Eq. ~2! has been used on many
occasions as a starting point for developing scattering mod-
els for random media variability; it has been used for scat-
tering of electromagnetic waves from atmospheric turbu-
lence ~Chernov, 1960; Tatarski, 1961; Morse and Ingard,
1968; Ishimaru, 1978!, scattering of ultrasonic waves from
different tissues in the field of medical ultrasound ~Waag,
1984; Waag et al., 1985, 1989!, and it has also been used
previously for scattering of high-frequency sound from tem-
perature microstructure in the ocean ~Munk and Garrett,
1973; Goodman and Kemp, 1981; Goodman, 1990!. In addi-
tion, it has been used as a starting point for a number of
acoustic scattering models for weakly scattering zooplankton
~McGehee et al., 1998; Stanton et al., 1998; Chu and Ye,
1999; Lavery et al., 2002!. In contrast to the models devel-
oped for individual zooplankton, scattering from random me-
dia fluctuations is typically described in terms of the statis-
tical properties of the medium. Thus, the scattering cross
section per unit volume, sv , with units of inverse length, is
given by ~Ishimaru, 1978, p. 332, Eq. 16-10a!
sv5
r2^psps*&
VP0
2
5
1
V ^ f f *&
5
1
V
k4
24p2 EVEVBg~r1 ,r2!e2iK(r12r2)dr1dr2 , ~5!
where ^ . . . & represents an ensemble average, and r1 and r2
are integration vectors over the volume V. The term
Bg(r1 ,r2)[^g(r1)g*(r2)&5^g(r1)g(r2)& is the spatial cor-
relation function of the real random field, g, that describes
the physical properties of the medium in the volume V. Note
that the term volume scattering coefficient ~denoted sv) is
more commonly used in the literature ~instead of sv) when
referring to an aggregation of discrete scatterers ~Urick,
1980; Medwin and Clay, 1998!.
Following the bulk of the published literature on scatter-
ing from turbulent microstructure we assume that the me-
dium properties are homogeneous, meaning that the mean
value of g is constant and that the correlation function,
Bg(r1 ,r2), does not change when the pair of points (r1 , r2)
is displaced by the same amount in the same direction ~Ta-
tarski, 1961, p. 15!. This latter assumption requires some
justification since vertical stratification in the ocean is preva-
lent. However, the vertical stratification can be overturned by
sufficiently large velocity shears. Typically, once overturning
has occurred, physical structures that are aligned vertically or
horizontally are destroyed, and the medium becomes turbu-
lent, resulting in random homogeneous fluctuations in the2687al.: Scattering from oceanic microstructure density fluctuations
medium properties, at least locally within the scattering reso-
lution volume. In the ocean interior the principal cause of
mechanical mixing, or the source of high velocity shear re-
sulting in overturning events and turbulent microstructure, is
the presence of internal waves, which is where the assump-
tions we make here are most likely valid. Consequently, with
the assumption that the fluctuations are locally homoge-
neous: Bg(r1 ,r2)5Bg(r12r2,0)5Bg(r), where the substi-
tution r5r12r2 has been made. Letting x5(r11r2)/2, and
performing the integral over x,
sv5
k4
24p2V EVEVBg~r!e2iK"rdrdx
5
~p/2! k4
~2p!3 EVBg~r!e2iK"rdr. ~6!
For wave front curvature effects to be unimportant ~Good-
man, 1990; Waag et al., 1985!, there must be many charac-
teristic length scales of the media variability encompassed
within the first Fresnel radius, RF . For a point transmitter
and receiver, the first Fresnel radius refers to the locus of
points for which the phase difference that arises from the
path length difference between this locus of points and the
center of the volume V is equal to p/2. At backscattering
RF5ARl/2, where R is the range from the transmitter to the
center of the volume V @an expression for RF for forward
scattering is given in Flatte et al. ~1979, p. 91, Eq. 6.2.2!#.
Next, we assume that the volume V is sufficiently large that
many correlation lengths of the random media properties are
encompassed by the volume. These assumptions allow the
integral over the volume V in Eq. ~6! to be converted to an
integral over all space:
sv5
~p/2! k4
~2p!3 E Bg~r!e2iK"rdr5 p2 k4F~K!. ~7!
F~K! is the Fourier transform of the spatial correlation func-
tion of the medium variability, or simply the 3D wave num-
ber spectrum of the medium variability evaluated at K. If we
further assume that the medium is isotropic, then Bg(r)
5Bg(r) and F(K)5F(K). The effects of anisotropy on
scattering have been considered by Goodman ~1990!, who
included a vertical wave number scaling factor, a ~the ratio
of vertical to horizontal spatial scale size!, which resulted in
an increase ~a is typically ,1) in the predicted scattering by
a factor of a22. If the degree of anisotropy is small, the
scattering cross section per unit volume is given by
sv5
p
2 k
4F~K !. ~8!
As mentioned earlier, a similar expression for sv can be
found in a number of standard text books and has been used
widely in the literature. However, when applied specifically
to oceanic microstructure, the expression for Bg inside the
integral is typically given in terms of sound speed fluctua-
tions alone, and the contribution from density fluctuations is
ignored.
In order to facilitate the application of this formalism to
the specific case of oceanic microstructure, we proceed to2688 J. Acoust. Soc. Am., Vol. 114, No. 5, November 2003 Laobtain an expression for sv which is explicitly written in
terms of both density and sound speed fluctuations. This re-
quires the evaluation of the spatial correlation function Bg in
terms of sound speed and density fluctuations. Since we are
considering a weakly scattering medium, r5r01r8 and c
5c01c8, where the inherent variations in the medium den-
sity, r8, and sound speed, c8, satisfy c8/c0!1 and r8/r0
!1. From Eq. ~4!,
gk5S 11 c8c0 D
22S 11 r8r0 D
21
21’22
c8
c0
2
r8
r0
and
gr5
r8
r0
S 11 r8r0 D
21
’
r8
r0
, ~9!
where only first order terms in the primed variables have
been kept. Making use of these relationships, the trigonomet-
ric relationship (12cos u)52 sin2(u/2), as well as the defi-
nition of g @Eq. ~3!#, the spatial correlation function of media
variability becomes
Bg~r !54S K c8c0 c8*c0 L 12 sin2S u2 D K c8c0 r8*r0 L
1sin4S u2 D K r8r0 r8*r0 L D . ~10!
Using this expression for Bg , sv @Eq. ~8!# becomes
sv52pk4S Fc~K !12 sin2S u2 DFcr~K !
1sin4S u2 DFr~K ! D , ~11!
where Fc(K), Fr(K), and Fcr(K) are the 3D wave number
spectra of the sound speed fluctuations, density fluctuations,
and the correlation between sound speed and density fluctua-
tions. In arriving at this expression, it should be noted that all
cross-terms between density and sound speed fluctuations
have been included.
No assumptions specific to scattering from oceanic mi-
crostructure have been made in deriving this general expres-
sion, which holds ~theoretically! for any weakly scattering
random medium. To date, various equivalent forms of Eq.
~11! have been used to describe scattering by atmospheric
turbulence and organ tissues. However, all formulations spe-
cific to scattering from oceanic microstructure have only in-
cluded fluctuations in the sound speed, resulting in simply
the first term in this expression. The inclusion of density
fluctuations results in two extra terms, both of which have an
explicit angular dependence. It is clear from the wave equa-
tion where this angular dependence arises since the term in-
volving density depends on the gradient of the density. We
turn now to the specific case of scattering from turbulent
oceanic microstructure.
B. Application to turbulent oceanic microstructure
The most convenient parameters for describing scatter-
ing from turbulent oceanic microstructure are temperaturevery et al.: Scattering from oceanic microstructure density fluctuations
J. Acoust. Soc. Am.TABLE I. The following parameters were used for the prediction of acoustic scattering from oceanic micro-
structure ~Flatte et al., 1979: p. 5, Eq. 1.1.6!: a53.1931023 (°C21), b50.9631023 (psu21), a50.13
31023 (°C21), b50.831023 (psu21), n50.1531025 (m2 s21), DT51.3831027 (m2 s21), DS50.95
31029 (m2 s21), and Le5145.26. Modest values of e (131028 W kg21) and xT (131026 °C2 s21) were
chosen, giving values of k*529 ~cpm!, kd5769 ~cpm!, and kds59207 ~cpm!. Acoustic frequencies ranging
from approximately 10 kHz (k542 cpm, l515 cm) to 2 MHz (k58379 cpm, l50.75 mm) were used to
make the scattering predictions. Based on these parameters, most of the predictions lie in the viscous-convective
range, where k.k*. The following three cases were investigated ~all parameters dimensionless unless other-
wise stated!. Note that the values for Rrc in this table were evaluated at backscattering (u5p).
Case no. Rrc Rrc21 Rc Rr d(°C psu21) Rrc /Le (31022)
max~sv
S!
max~sv
T!
@Eq. ~34!#
1 1 1 1.911 0.094 0.575 0.6 10
2 3.477 0.288 6.646 0.325 2 2.39 0.72
3 0.165 0.287 0.548 0.0268 3.49 0.20 367.3and salinity, since these are the most commonly measured,
and consequently better mapped and understood oceano-
graphic parameters. The aim of this section is to express Eq.
~11! in terms of the wave number spectra of temperature and
salinity, instead of density and sound speed. Fluctuations in
the sound speed and density are related to the small scale
fluctuations in temperature, T8, and salinity, S8, by
c8
c0
5
1
c0
]c
]T T81
1
c0
]c
]S S85aT81bS8, ~12!
where
a[
1
c0
]c
]T and b[
1
c0
]c
]S , ~13!
and
r8
r0
5
1
r0
]r
]T T81
1
r0
]r
]S S852aT81bS8, ~14!
where
a[2
1
r0
]r
]T and b[
1
r0
]r
]S . ~15!
Here a is the coefficient of thermal expansion and b is the
coefficient for saline contraction. The importance of salinity
versus temperature in determining scattering from sound
speed and density variations can be gauged by examining the
vertical changes in sound speed and density,
1
c0
dc
dz 5a
]T
]z
1b
]S
]z
and
1
r0
dr
dz 52a
]T
]z
1b
]S
]z
,
~16!
and forming the sound speed and density ratios:
Rc[
a
b d and Rr[
a
b
d , where d5
]T/]z
]S/]z . ~17!
Here Rc and Rr indicate the relative importance of tempera-
ture versus salinity in determining the vertical sound speed
and density gradients, and play a critical role in determining
the contribution to scattering from salinity relative to tem-
perature. If 21,Rc,1, then salinity plays a more dominant
role than temperature in determining vertical sound speed
variations. If 21,Rr,1, salinity plays a more dominant, Vol. 114, No. 5, November 2003 Lavery etrole than temperature in determining vertical density varia-
tions. Typical values of these parameters for an open ocean
environment are given in Table I. From these values, Rc
53.32 d and Rr50.16 d . There is typically larger variability
in the parameter d than in a , b , a, or b. However, it can be
seen that the range of values of d (26.25,d,6.25) for
which 21,Rr,1 is significantly wider than the range of
values of d (20.30,d,0.30) for which 21,Rc,1. In ad-
dition, in order to assess the importance of including fluctua-
tions in the density when calculating acoustic scattering from
turbulent oceanic microstructure, it is necessary to compare
the fractional change in the sound speed from salinity, b , and
the coefficient of haline contraction, b. Since these terms are
approximately equal, we conclude that it is important to in-
clude the contribution to scattering from density fluctuations.
In order to evaluate sv in terms of temperature and sa-
linity fluctuations, it is necessary to evaluate Bg in terms of
T8 and S8. Making use of Eqs. ~10!, ~12!, and ~14!,
Bg~r !54@A2^T8T8*&1B2^S8S8*&12AB^T8S8*&# ,
~18!
where
A5a2a sin2S u2 D and B5b1b sin2S u2 D . ~19!
Using this expression for Bg , sv becomes
sv52pk4~A2FT~K !1B2FS~K !12ABFST~K !!, ~20!
where FT(K), FS(K), and FST(K) are the 3D wave num-
ber spectra of temperature, salinity, and the temperature-
salinity co-spectrum, all evaluated at the wave number K .
This is a general expression for the scattering cross sec-
tion per unit volume describing scattering from stationary,
homogeneous, and isotropic turbulent oceanic microstruc-
ture. Unlike previous formulations of scattering specific to
turbulent oceanic microstructure, which only included fluc-
tuations in the sound speed, the scattering cross section per
unit volume derived here also includes the contributions
from variability in the density. It has typically been assumed
~Tatarski, 1961; Goodman and Kemp, 1981; Thorpe and
Brubaker, 1983; Goodman, 1990; Seim et al., 1995; Seim,
1999! that scattering from oceanic microstructure is domi-
nated by sound speed fluctuations, that is, r8/r0!c8/c0 . In2689al.: Scattering from oceanic microstructure density fluctuations
this case it follows from Eq. ~9! that gk’22c8/c0
522aT8 and gr’0. If the effects of salinity are ignored,
this is a reasonable assumption since for typical open ocean
environments a/a’0.03. As a result, sv52pk4a2FT(K),
which is the first term of Eq. ~20! with the coefficient A
replaced by a . Seim et al. ~1995! developed this theory one
step further, and included the contributions to scattering from
fluctuations in the sound speed originating from both tem-
perature and salinity microstructure. In this scenario,
gr5r8/r0’0, gk’22c8/c0522(aT81bS8), and the
scattering cross section per unit volume is given by
sv52pk4~a2FT~K !1b2FS~K !12abFST~K !!. ~21!
This expression is identical in form to Eq. ~20! with the
coefficient A replaced by a , and B replaced by b . However,
the coefficients A and B contain terms involving the coeffi-
cient of thermal contraction ~a!, the coefficient of haline ex-
pansion ~b!, and the bi-static scattering angle ~u! that are
specific to the inclusion of density fluctuations. It can be seen
from the expressions for A and B that the contribution to
scattering from the density term is maximum at backscatter
(u5p) and disappears at angles close to forward scattering
(u50). Finally, it should be noted that since a@a while
b’b , the contribution to scattering from density fluctuations
will be most significant under conditions in which salinity
~and not temperature! microstructure dominates the scatter-
ing.
For homogeneous and isotropic random media fluctua-
tions, the 3D wave number spectrum F(K) can be related to
the 1D wave number spectrum, f(K) ~Tatarski, 1961, p.17,
Eq. 1.27! by
F~K !5F2 12pk df~k !dk GK . ~22!
Expressing sv in terms of 1D wave number spectra is useful
as standard oceanographic measurements typically involve
performing vertical temperature and conductivity profiles, re-
sulting in 1D wave number spectra. Applying Eq. ~22! to Eq.
~20!, sv is given by
sv52k4F1k ddk ~A2fT~k !1B2fS~k !12ABfST~k !!GK
52
k4
K S A2 dfT~K !dk 1B2 dfS~K !dk 12AB dfST~K !dk D ,
~23!
where the contribution to scattering from temperature fluc-
tuations alone, sv
T
, is given by the first term in this expres-
sion, scattering from salinity fluctuations alone, sv
S
, is given
by the second term in this expression, and the scattering from
the temperature-salinity co-spectrum alone, sv
ST
, is given by
the last term. Using these expressions, it may ultimately be
possible to measure the acoustic scattering from turbulent
oceanic microstructure and invert for the wave number spec-
tra of temperature and salinity, and their co-spectrum. Thus,
using high-frequency acoustic scattering techniques, it may
be possible to ~1! overcome the technical difficulties associ-2690 J. Acoust. Soc. Am., Vol. 114, No. 5, November 2003 Laated with resolving the salinity spectrum with standard
oceanographic measurement techniques, and ~2! obtain an
estimate for the yet unmeasured temperature-salinity co-
spectrum.
III. PARAMETRIZATION OF SCATTERING IN TERMS
OF MEASURABLE PHYSICAL PARAMETERS
The 1D wave number spectra of temperature, salinity,
and the co-spectrum must be expressed in terms of measur-
able physical parameters in order to predict acoustic scatter-
ing from turbulent oceanic microstructure. In this section we
derive expressions for sv
T and sv
S based on wave number
spectra for temperature and salinity similar to those proposed
by Batchelor ~1959!. In addition, two models for the co-
spectrum of temperature and salinity are used to calculate
sv
ST
.
A. The temperature and salinity spectra
As suggested by Seim et al. ~1995, 1999!, we use an
inertial-convective model for spatial wave numbers smaller
than k*5(1/23) (e/n3)1/4, and a viscous-convective model at
higher wave numbers, where n (m2s21) is the molecular
viscosity, and e (W kg21) is the dissipation rate of turbulent
kinetic energy. Within the framework of these models, the
temperature spectrum ~Batchelor, 1959; Dillon and Caldwell,
1980! is given by
fT
,~k˜ !5A*xTe21/3k˜25/3 for k˜<k*,
~24!
fT
.~k˜ !5
xT
z
G~jT!
k˜
for k˜>k*,
where z5(e/n)1/2/q is the strain rate. The spatial wave num-
ber is denoted by k˜ to distinguish it from the acoustic wave
number k . Throughout the remainder of this paper, super-
scripts , and . indicate that the quantity being referred to is
valid for wave numbers smaller than, and larger than, k*,
respectively. The salinity spectrum is given by
fS
,~k˜ !5A*xSe21/3k˜25/3 for k˜<k*,
~25!
fS
.~k˜ !5
xS
z
G~jS!
k˜
for k˜>k*.
The dimensionless function G(j) ~valid for either jT or jS)
is defined by
G~j![e2j
2/22jE
j
‘
e2x
2/2dx , ~26!
where jT5A2qk˜ /kd and jS5A2qk˜ /kds are dimensionless
wave numbers, kd5(e/nDT2)1/4 is the diffusive cutoff wave
number for temperature, kds5(e/nDS2)1/4 is the diffusive cut-
off wave number for salt, DT (m2s21) is the molecular dif-
fusivity for temperature, and DS (m2s21) is the molecular
diffusivity for salt. A* and q are constants: A*50.925 is
chosen such that the spectra are equal at k* ~Dillon and
Caldwell, 1980!, and q53.7 ~Oakey, 1982!. The dissipation
rates of salt and temperature variance are given by xSvery et al.: Scattering from oceanic microstructure density fluctuations
(psu2s21) and xT (°C2s21), respectively. Typical values of
these parameters are given in Table I.
Since the parametrization of the temperature and salinity
spectra are identical, the only difference between these spec-
tra is the relevant scale set by kd and kds , and the overall
magnitude of the spectra, which is determined to a large part
by xT and xS ~Fig. 2!. Since xS remains unmeasured, it is
assumed that temperature and salinity have equal eddy dif-
fusivities, from which it follows that the scalar dissipation
rates are related by xS5xT /d2 ~Osborn and Cox, 1972;
Gregg, 1984!. The roll-off for the salinity spectrum occurs at
higher spatial wave numbers (; a factor of 10! than the
roll-off for the temperature spectrum since the molecular dif-
fusivity for salt is approximately two orders of magnitude
smaller than the molecular diffusivity for temperature.
In order to evaluate sv it is necessary to calculate terms
such as dfT /dk˜ and dfS /dk˜ . For k˜<k*,
dfT
,~k˜ !
dk˜
52
5
3
fT
,~k˜ !
k˜
52
5
3
xTe
21/3k˜28/3,
~27!
dfS
,~k˜ !
dk˜
52
5
3
fS
,~k˜ !
k˜
52
5
3
xSe
21/3k˜28/3,
while for k˜>k*,
dfT
.~k˜ !
dk˜
52
fT
.~k˜ !
k˜
e2jT
2 /2
G~jT!
52
xT
z
e2jT
2 /2
k˜ 2
,
~28!
dfS
.~k˜ !
dk˜
52
fS
.~k˜ !
k˜
e2jS
2/2
G~jS!
52
xS
z
e2jS
2/2
k˜ 2
.
FIG. 2. Estimated wave number spectra ~based on parameters for case 3 in
Table I! as a function of spatial wave number for temperature ~open circles!,
fT ; salinity ~crosses!, fS ; and the temperature-salinity co-spectrum, fST
~solid and dashed lines!. Two models have been used for the co-spectrum:
the first is an upper bound for co-spectrum ~solid line!, representing perfect
positive correlation between temperature and salinity fluctuations, while the
second model for the co-spectrum ~dashed line! we have derived.J. Acoust. Soc. Am., Vol. 114, No. 5, November 2003 Lavery etA quantity which will be useful later is the ratio of fS to fT :
S fS,~k˜ !
fT
,~k˜ !
D 1/25S xS
xT
D 1/2[ 1
d
for k˜<k*,
~29!S fS.~k˜ !
fT
.~k˜ !
D 1/25S xS
xT
G~jS!
G~jT!
D 1/25RG
d
for k˜>k*,
where RG[(G(jS)/G(jT))1/2. At low wave numbers RG
’1, while above the diffusive cutoff wave number for heat,
RG increases rapidly, and the temperature spectrum is much
smaller than the salinity spectrum, though both may be
small.
It is now possible to evaluate sv
T and sv
S
, recalling that
the wave number spectra must be evaluated at the wave num-
ber, K , which is related to the acoustic wave number, k , by
K52k sin(u/2):
sv
T,52A2S k4K D F dfT,~k˜ !dk˜ GK
5A2S k4K D S 53 fT,~K !K D ,
~30!
sv
T.52A2S k4K D F dfT.~k˜ !dk˜ GK
5A2S k4K D S e2jT
2 /2
G~jT!
fT
.~K !
K
D ,
and
sv
S,52B2S k4K D F dfS,~k˜ !dk˜ GK
5B2S k4K D S 53 fS,~K !K D ,
~31!
sv
S.52B2S k4K D F dfS.~k˜ !dk˜ GK
5B2S k4K D S e2jS
2/2
G~jS!
fS
.~K !
K
D .
Using Eqs. ~30! and ~31!, the ratio of the temperature to
salinity contribution to scattering is given by
sv
T,
sv
S, 5
A2
B2
fT
,~K !
fS
,~K !
5d2
A2
B2 5Rrc
2 for k˜<k*,
~32!
sv
T.
sv
S. 5d
2 A
2
B2 e
2(jT
2
2jS
2)/25Rrc
2 e2(jT
2
2jS
2)/2 for k˜>k*.
Here Rrc is defined by2691al.: Scattering from oceanic microstructure density fluctuations
Rrc[d
A
B 5d
~a2a sin2~u/2!!
~b1b sin2~u/2!!
5Rc
~12 ~a/a !sin2~u/2!!
~11 ~b/b !sin2~u/2!! . ~33!
The definition of Rrc parallels the definitions for the vertical
density, Rr , and sound speed, Rc , ratios @Eq. ~17!#. Rrc
expresses the relative importance of temperature versus sa-
linity in determining the vertical gradient for a combined
density and sound speed expression. Rrc depends on the
multi-static scattering angle, but is independent of the acous-
tic wave number. For a particular set of ~a, b, d, a , b)
values, Rrc changes by approximately a factor 2 as a func-
tion of angle, decreasing from Rc at u50° ~forward scatter-
ing! to approximately Rc/2 at u5180° ~backscattering!. The
reason for this is that for typical open ocean parameters, a
!a , and (12a/a)’1, while b’b , and (11b/b)’2.
Finally, it is straightforward to show that the maximum
value of sv
T occurs at a wave number corresponding to
kd(2q)21/2 ~subject to the condition that k*,kd), while the
maximum value of sv
S occurs at kds(2q)21/2. The ratio of the
maximum value of sv
T to the maximum value in sv
S is given
by
max~sv
T!
max~sv
S!
5Rrc
2 S kdkdsD5Rrc2 S DSDTD
1/2
’
Rrc
2
10 . ~34!
B. The temperature and salinity co-spectrum
Currently, there are no data regarding the co-spectrum of
temperature and salinity, and the existing theory is based on
limiting cases, such as perfect correlation between tempera-
ture and salinity, or no correlation at all. We make predic-
tions based on two models for the co-spectrum. The first
involves an upper bound for the co-spectrum ~Bendat and
Piersol, 1986!, representing a perfect correlation between
temperature and salinity fluctuations. This upper bound for
the co-spectrum has been used previously by other authors
~Washburn et al., 1996; Seim, 1999!. The second model for
the co-spectrum we have derived and it is based on the
temperature-salinity co-variance theory of Stern ~1968!. It
should be noted that a zero-correlation model can be imple-
mented by neglecting the contribution to scattering from the
co-spectrum term.
1. Model 1: Upper bound
The upper bound for the temperature and salinity co-
spectrum is given by ~Bendat and Piersol, 1986, p. 117, Eq.
5.11! fST(k˜ )5(fT(k˜ )fS(k˜ ))1/2. To evaluate svST using this
model for the co-spectrum it is necessary to first evaluate
dfST /dk˜ :
dfST
dk˜
5
1
2 S fSfTD
1/2 dfT
dk˜
1
1
2 S fSfTD
21/2 dfS
dk˜
, ~35!
where dfT /dk˜ and dfS /dk˜ are given by Eqs. ~27! and ~28!.
From Eq. ~23!, for k˜,k*,2692 J. Acoust. Soc. Am., Vol. 114, No. 5, November 2003 Lasv
ST,522ABS k4K D dfST
,
dk
5
B
A
1
d
sv
T,1
A
B dsv
S,
5
1
Rrc
sv
T,1Rrcsv
S,
, ~36!
and, for wave numbers above k*,
sv
ST.522ABS k4K D dfST
.
dk
5
B
A
RG
d
sv
T.1
A
B
d
RG
sv
S.
5
RG
Rrc
sv
T.1
Rrc
RG
sv
S.
. ~37!
2. Model 2: Co-spectrum based on Stern’s theory
We have developed a model for the co-spectrum that is
based on Stern’s theory ~1968!. Batchelor spectra for T and S
are used in this derivation to evaluate the variances as a
function of wave number, and we assume that this model is
valid for all wave numbers of interest here. Our co-spectrum
model is given by
fST~k˜ !5
fT~k˜ !
d
1
d
Le
fS~k˜ !, ~38!
where Le (5DT /DS) is the diffusivity ratio, or Lewis num-
ber, and varies from ’80 in warm water to ’230 in cold
water. It can be seen from Fig. 2 that at high spatial wave
numbers our co-spectrum model predicts a higher correlation
between temperature and salinity fluctuations than the upper
bound model.
The scattering contribution from this co-spectrum model
is given by
sv
ST522ABS k4K D dfST~K !dk˜
5
2
d
B
A
sv
T12
d
Le
A
B
sv
S
5
2
Rrc
sv
T1
2Rrc
Le
sv
S
. ~39!
Since the sign of Rrc is determined by d, and all terms
relating to the co-spectrum contribution to scattering have
Rrc or Rrc
21 as a prefactor, the effect of the co-spectrum on
sv is determined by the sign of d. If d is positive, either
model for the co-spectrum results in an increase in the mag-
nitude of sv : sv>sv
S1sv
T
. If d is negative, sv<sv
S1sv
T
.
IV. PREDICTIONS
To illustrate many of the points of this paper, values that
are typical for an open ocean environment were chosen for
the model input parameters ~Table I!. Modest values of e andvery et al.: Scattering from oceanic microstructure density fluctuations
xT were chosen. Changes in xT simply result in an overall
increase or decrease in sv , and do not change the overall
shape of sv . On the other hand, changes in e affect both the
overall magnitude as well as the wave number dependence of
sv . Since the parameter Rrc is important in determining the
relative magnitudes of the temperature and salinity contribu-
tions to scattering, and thus is also important in determining
the relative importance of the density versus sound speed
contribution, predictions based on three values of Rrc ,
evaluated at u5p , are discussed in this section ~Table I!: ~1!
Rrc51, ~2! Rrc53.477(.1), and ~3! Rrc50.287(,1). We
assume a backscattering orientation for most of the predic-
tions presented in this section, though the angular depen-
dence is also investigated in Sec. IV D.
A. The relative contribution to scattering from density
versus sound speed fluctuations
The importance of including density fluctuations in pre-
dicting scattering from turbulent oceanic microstructure can
be assessed by comparing predictions of sv arising from the
inclusion of both sound speed and density fluctuations @Eq.
~20!# to predictions of sv arising from the inclusion of sound
speed fluctuations alone @Eq. ~21!# ~Fig. 3!. The expressions
for sv are very similar in form: the coefficients A and B in
Eq. ~20! are simply replaced by a and b in Eq. ~21!. Since
a@a , and A5a2a sin2(u/2)’a , the inclusion of the den-
sity term has a minimal effect on sv
T
, at any angle. In con-
FIG. 3. The temperature, sv
T
, and salinity, sv
S
, contributions to the scatter-
ing cross section per unit volume as a function of acoustic frequency ~at
backscattering! for model input parameters given in Table I. The solid lines
correspond to sv
T and sv
S calculated with the density fluctuations included,
while the dashed lines correspond to sv
T and sv
S calculated without the
inclusion of density fluctuations. The inclusion of density fluctuations does
not significantly affect the value of sv
T at any frequency or angle. In contrast,
inclusion of the density term significantly increases the value of sv
S over the
entire frequency range investigated. The relative increase in scattering that
occurs due to the inclusion of density fluctuations does not depend on the
values of e and xT . Thus the importance of including the density term can
be assessed without precise knowledge of the dissipation rates.J. Acoust. Soc. Am., Vol. 114, No. 5, November 2003 Lavery ettrast, since b’b , and B5b1b sin2(u/2), the inclusion of
the density term increases sv
S from b2 to B2’4b2 at back-
scattering. This corresponds to approximately a 6-dB in-
crease in the scattering level. The magnitude of sv
ST in-
creases from 2ab to 2AB’4ab due to the inclusion of the
density term, corresponding to a 3-dB increase. These rela-
tive increases do not depend strongly on the model input
parameter values, the form of the spectra or co-spectrum, or
on the acoustic wave number ~at any given scattering angle!.
However, the effects of including density fluctuations are
strongly dependent on the scattering angle, with the largest
effects occurring at backscattering, while becoming negli-
gible at angles close to forward scattering. From this point
on, all predictions will include the contribution to scattering
from density fluctuations.
B. The relative contribution to scattering from
temperature versus salinity microstructure
The relative magnitude of sv
T and sv
S is strongly depen-
dent on the spatial wave number ~Fig. 3!, which is related to
the acoustic wave number through the condition that K
52k sin(u/2). For spatial wave numbers below k*, the term
Rrc
2 determines the relative magnitude of sv
T and sv
S @Eq.
~32!#. Since Rrc
2 is independent of wave number, at any given
scattering angle, sv
T and sv
S are simply offset by a constant
amount: if uRrcu.1, then sv
T dominates, while if uRrcu,1,
then sv
S dominates the scattering. For spatial wave numbers
above k*, the term Rrc
2 e2(jT
2
2jS
2)/2
, which is a function of
both angle and wave number, determines the relative magni-
tude of sv
T and sv
S @Eq. ~32!#. Above the diffusive cutoff
wave number for temperature, kd , the exponential term de-
cays rapidly and, for any reasonable value of Rrc
2
, sv
S@sv
T
~though both may be small!. For wave numbers between k*
and kd , the exponential term does not yet deviate greatly
from 1, and Rrc
2 is again critical in determining the relative
magnitude of sv
T and sv
S
. A more general way to estimate the
importance of salinity versus temperature in determining
scattering is to examine the maximum values attained by sv
S
and sv
T @Eq. ~34!#. The maximum value of sv
S is larger than
the maximum value of sv
T when Rrc,(DT /DS)1/4’3,
though it must be recalled that these maxima occur at differ-
ent wave numbers since the diffusive cutoff wave numbers
for heat and salt differ by an order of magnitude.
C. The relative contribution to scattering from the co-
spectrum
The contribution to scattering from the upper bound co-
spectrum ~model 1! is given by Eq. ~36! for spatial wave
numbers below k* and by Eq. ~37! for spatial wave numbers
above k* ~Fig. 4!. Recalling that sv
T,5Rrc
2 sv
S, @Eq. ~32!#,
the contribution to scattering from the upper bound co-
spectrum ~model 1! for wave numbers below k* is thus
given by sv
ST,5sv
T,/Rrc1Rrcsv
S,5sv
T(2/Rrc). The con-
tribution to scattering from our co-spectrum @model 2: Eq.
~39!# is sv
ST,5sv
T,(11Le21)(2/Rrc) for wave numbers be-
low k*. Since Le@1, the contribution to scattering from sv
ST
is approximately equal for both models and is determined by
2/uRrcu.2693al.: Scattering from oceanic microstructure density fluctuations
For wave numbers above kd , sv
S@sv
T
. Consequently,
for the upper bound co-spectrum @model 1: Eq. ~37!# sv
ST
5sv
S(Rrc /RG), while for our co-spectrum @model 2: Eq.
~39!# sv
ST’sv
S(2Rrc /Le). However, since RG increases rela-
tively rapidly, and 2Rrc /Le!1 for typical values of Rrc in-
vestigated here, the contribution to scattering from either co-
spectrum, for wave numbers above kd , is small. For the
small range of wave numbers between approximately k* and
kd , the wave number dependence of sv
ST is quite compli-
cated, depending on a delicate balance set by the values of
Rrc , RG , Le , and the relative magnitudes of sv
T and sv
S
~Fig. 4!.
Briefly synthesizing, the contribution from the co-
spectrum does not, in general, significantly alter the scatter-
ing trends, particularly at wave numbers above kd . The most
significant changes are expected to occur over a small wave
number range between k* and kd .
D. The angular dependence of scattering from
temperature and salinity microstructure
The angular dependence of sv
T and sv
S ~Fig. 5! is deter-
mined by both Rrc and the acoustic wave number, k . How-
ever, the angular dependence is significantly more sensitive
to changes in k than to changes in Rrc , since Rrc only
changes by a factor of 2 between forward and backscattering.
For a fixed acoustic wave number, k , as u changes from
backscattering (u5p) to forward (u50) scattering, the
wave number K spans through the values from K52k to 0.
There are three wave number regions that must be consid-
ered in order to understand the general angular trends in sv
S
FIG. 4. The sum of the temperature and salinity contributions to the scat-
tering cross section per unit volume sv
T1sv
S ~dashed line!, the contribution
to the scattering cross section per unit volume from the upper bound model
for the co-spectrum sv
ST ~model 1: thin line!, and the contribution to the
scattering cross section per unit volume from the co-spectrum model based
on Stern’s theory sv
ST ~model 2: thick line!. Predictions are plotted as a
function of acoustic frequency, at backscattering, for model input parameters
taken from Table I.2694 J. Acoust. Soc. Am., Vol. 114, No. 5, November 2003 Laand sv
T ~Fig. 5!: (i) 2k<kd , (ii) kd<2k<kds , and (iii)
2k>kds . In region (i), the angular dependence of both svT
and sv
S is relatively flat since K52k lies below the sharp
roll-off in sv
T
. In region (ii), svT depends very strongly on
the scattering angle, while sv
S does not. At backscattering,
K52k corresponds to wave numbers above the sharp roll-off
in sv
T
, and as the angle decreases towards forward scatter-
ing, the wave number K spans through the sharp roll-off,
resulting in a strong angular dependence. In contrast, sv
S re-
mains relatively flat since K,kds for all angles. In region
(iii), both svT and svS depend strongly on the multi-static
scattering angle since 2k.kds.kd and as u changes from p
to 0, K sweeps through the sharp roll-off in both the tem-
perature and salinity. It is clear that the differences between
the angular trends in sv
T and sv
S are largest in region (ii),
where the wave number K at backscattering lies between the
diffusive cutoff wave number for temperature and salinity. In
fact, the vast differences predicted between the angular de-
pendence of sv
S and sv
T in this region of wave number space
suggest that multi-static measurements of acoustic scattering
may provide a very fruitful technique for discriminating be-
tween temperature and salinity microstructure.
E. Acoustic scattering predictions based on high
resolution microstructure data
In this section we make predictions of acoustic back-
scattering from oceanic microstructure based on data from
which all the necessary model input parameters can be ex-
tracted. This data set involves microstructure data taken on
the R/V NEW HORIZON in March 1991 on a cruise to the
seamount Fieberling Guyot. A high resolution profiler ~HRP!
~Schmitt et al., 1988! was deployed 95 times above and
around the seamount, which rises from background depths of
approximately 4000 m to about 500 m below the surface.
FIG. 5. The angular dependence of the temperature, svT , and salinity, svS ,
contributions to the scattering cross section per unit volume at (i) 60 kHz
~region I: kd5769 cpm, k5251 cpm, K5502 cpm at u5p), (ii) 200 kHz
~region II: kd5769 cpm, kds59207 cpm, k5838 cpm, K51676 cpm at u
5p), and (iii) 2.3 MHz ~region III: kds59207 cpm, k59634, K
519268 cpm at u5p), for model input parameters taken from case 3 in
Table I.very et al.: Scattering from oceanic microstructure density fluctuations
From the microstructure sensors on the HRP it is possible to
obtain all the necessary model input parameters, at scales
commensurate with the acoustic wavelengths of interest.
Acoustic scattering predictions were made for a large
subset of the HRP profiles. We present results for a HRP
profile performed directly above the seamount summit, since
the microstructure measurements indicated that there were
increased dissipation rates and velocity shear at the seamount
summit, resulting in increased mixing and turbulence ~Toole
et al., 1997! ~Fig. 6!. The acoustic scattering predictions re-
flect these observations, with elevated scattering levels pre-
FIG. 6. Vertical profiles of ~a! e (W kg21) and ~b! xT (°C2 s21) performed
with the HRP directly over the seamount summit Fieberling Guyot in 500 m
of water. Dissipation rates just above the summit are significantly elevated.
Profiles performed off the seamount shoulder ~not shown here! show less
structure and have uniformly lower values. The noise floor is typically
around 10211 (W kg21) for e and 10212 (°C2 s21) for xT .J. Acoust. Soc. Am., Vol. 114, No. 5, November 2003 Lavery etdicted for both temperature and salinity microstructure over
the seamount summit ~Fig. 7!. Over a broad frequency range,
the predicted contribution to scattering from salinity micro-
structure just over the seamount summit is larger than the
contribution from temperature microstructure. The results of
our model also indicate that the contribution to scattering
from the density term is at least as significant as the contri-
bution from the sound speed term. There is a scattering layer
between 350 and 450 m in which the predicted scattering
levels from salinity microstructure ~with approximately
equal contributions from density and sound speed fluctua-
tions! are similar in magnitude to typical scattering levels
expected for zooplankton ~Wiebe et al., 1997!. These results
suggest that if the biological processes in the vicinity of the
seamount could be accurately characterized, acoustic scatter-
ing techniques might provide a viable means to map areas of
high turbulence.
V. SUMMARY AND CONCLUSIONS
In this paper we have extended the current theory of
acoustic scattering from turbulent oceanic microstructure to
include random fluctuations in density. Previously, it had
been assumed that acoustic scattering from oceanic micro-
structure was due to sound speed fluctuations alone. We have
predicted that the contribution to scattering from fluctuations
in the density can be comparable to the contribution from
sound speed fluctuations, under some circumstances. De-
pending on the scattering angle, the density contribution can
increase the scattering levels by as much as 6 dB, resulting in
peak scattering levels that, under certain conditions, could be
comparable to levels typically observed for scattering from
zooplankton. Neglecting to include the density term can con-
sequently lead to a potentially significant underestimate of
volume scattering strengths.FIG. 7. Predicted contributions to
backscattering from ~a! temperature
microstructure (10 log10 svT) and ~b!
salinity microstructure (10 log10 svS)
as a function of depth and acoustic fre-
quency based on HRP microstructure
data obtained directly above the sea-
mount Fieberling Guyot ~see Fig. 6!.
The contribution to scattering from
density fluctuations has been included
in all scattering predictions. The con-
tribution to scattering from the co-
spectrum ~not shown! was found to be
small. Note the different horizontal
scales for temperature and salinity.
There is a layer of elevated scattering
just above the seamount summit, with
levels that are comparable to those ex-
pected from typical zooplankton
patches.2695al.: Scattering from oceanic microstructure density fluctuations
As with scattering from media variability in the atmo-
sphere, the inclusion of the density term results in an expres-
sion for the scattering cross section per unit volume that is
explicitly dependent on the multi-static scattering angle. We
predict a very strong dependence on the multi-static scatter-
ing angle at certain acoustic wave numbers, and suggest that
this dependence could be exploited to distinguish between
the contribution to scattering from temperature and salinity
microstructure.
The derivations presented here are based on far field
weak scattering theory, for which the Born approximation is
valid. One of the primary assumptions is that the medium
variability is stationary and homogeneous, allowing a statis-
tical description of the scattering in terms of the spatial Fou-
rier transform of the correlation function of the medium vari-
ability, which is simply the 3D wave number spectrum of the
medium variability. By relating the variability in the density
and sound speed to fluctuations in temperature and salinity at
the microstructure scale we have obtained an expression for
the scattering cross section per unit volume in terms of the
wave number spectra of temperature, salinity, and the co-
spectrum of temperature and salinity. The assumption of isot-
ropy also allows the 3D wave number spectra to be ex-
pressed in terms of the 1D wave number spectra, which are
more representative of spectra derived from oceanographic
measurements.
By assuming a 1D Batchelor spectrum for temperature
and salinity, expressions for the scattering cross section per
unit volume have been derived in terms of parameters such
as the dissipation rates of turbulent kinetic energy, tempera-
ture and salt variance. We have found that the parameter Rrc
is critical in determining the relative contribution to scatter-
ing from temperature and salinity microstructure. Rrc is de-
fined in a manner similar to the density (Rr) and sound
speed (Rc) ratios, but combines the effects of both vertical
density and sound speed changes. Rrc depends on the multi-
static scattering angle, but not on the acoustic frequency. At
angles close to forward scattering Rrc is approximately equal
to the vertical sound speed ratio Rc . However, at angles
close to backscattering, Rrc is approximately equal to Rc/2.
Two models for the co-spectrum of temperature and sa-
linity have been used. The first expression represents an up-
per bound for the temperature and salinity co-spectrum. The
second expression for the co-spectrum we have derived, and
is based on the temperature-salinity covariance theory of
Stern ~1968!. We have found that the contribution to scatter-
ing from either of the co-spectrum models tends to be small-
est at spatial wave numbers above the diffusive cutoff wave
number for heat. For wave numbers below this, the approxi-
mate contribution from the co-spectrum for either model is
given by 2/Rrc . If Rrc’21, the contribution to scattering
from the co-spectrum term can almost exactly cancel the
contribution from the temperature and salinity terms com-
bined, over a limited range of wave numbers. If Rrc,0
(.0), the contribution to the scattering from the co-
spectrum tends to reduce ~increase! the magnitude of the
scattering that results from the sum of the temperature and
salinity contributions.
We have made scattering predictions based on generic2696 J. Acoust. Soc. Am., Vol. 114, No. 5, November 2003 Lamodel input parameter values that are typically for open
ocean environments. In addition, scattering predictions based
on high resolution microstructure measurements obtained in
the vicinity of a seamount in the northeast subtropical Pacific
ocean, Fieberling Guyot, have also been made. For these
data, there are no free model input parameters outside of the
initial model assumptions. Our results indicate that the layer
of elevated turbulence above the seamount summit could
give rise to significant scattering levels, comparable to those
of typical zooplankton patches, particularly at higher wave
numbers. The possibility that particulate scatterers, such as
microbubbles, small zooplankton, or sand, may aggregate at
the locations of energetic turbulence has not been considered
in this analysis. Our predictions indicate that high-frequency
acoustic scattering could be a viable technique, in combina-
tion with appropriate ground truthing, to map regions of el-
evated turbulent microstructure.
In conclusion, models such as the one presented here are
important for the accurate interpretation of acoustic scatter-
ing data, though supporting physical and environmental in-
formation, gathered by any variety of techniques, will prob-
ably always be necessary for the unambiguous interpretation
of high-frequency acoustic scattering data in terms of either
physical or biological processes. However, before it is pos-
sible to fully capitalize on the acoustic scattering model pre-
sented here for scattering from turbulent oceanic microstruc-
ture, controlled field and laboratory testing and validation are
necessary, in which the physical environment ~temperature,
conductivity, and fluid velocity! is characterized at least at
the same resolution as the acoustic wave length, in addition
to the adequate characterization of particulate scatterers that
may be present in the areas of elevated turbulence.
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